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Abstract
Due to life-cycle costs considerations, the Federal Highway Administration has required
that all their new bridge structures have a service life of more than 75 years. The
practical use of adequate concrete cover, low water/cement ratio, and corrosion inhibitors
and admixtures are not enough to satisfy this requirement. Corrosion still affects the
reinforcing steel through the diffusion of chlorides. The steel reinforcement, the last line
of defense, has to be addressed in order to protect reinforced concrete structures from
corrosion and thus extend the service life.
Today, new cost-effective technology has surfaced to address the problem. Nuovinox
Stainless-steel clad reinforcing bars, fusion bonded epoxy (3M Skotchkot 426) and the
recent Dual Phase Ferritic Martensitic bars (MMFXI/II steels) have emerged. This study
describes each new reinforcement protection technology and compares them through
cost, service life, availability and resistance considerations.
The comparisons show that stainless-steel clad bars have the advantage over all other
new reinforcement types. The fusion bonded epoxy closely followed while the MMFX
steel, because of its lack of exposure, came in last. A prudent combination of the
standard corrosion protection methods with these new technologies in steel reinforcement
can potentially provide a cost-effective service of more than 75 years to a structure.
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1.0 Introduction
The Federal Highway Administration (FHWA) has demanded that all their new
bridges have a service life of more than 75 years due to life-cycle costs considerations.
Few materials today provide that required service when exposed to high levels of
chlorides. These levels can be experienced in reinforced concrete structures when they
are subject to the use of de-icing salts or extreme marine environments.
Today, engineering firms and private contractors have to accommodate to this new
policy. This calls for a revision of standard practices and the search for new technology
within the industry for cost-effective materials that when combined provide structures
with service in excess of 75 years. It has been well established that weathering and
corrosion are the major players in the degradation of reinforced concrete structures. The
process of corrosion is accelerated within the embedded steel through diffusion when
high levels of chlorides, let it be through de-icing salts or intense splash zones in marine
structures, are experienced. Bridge decks and marine walls are great examples of
structures, or parts of a structure, which are generally submitted to those environments.
Among the new corrosion resistant materials we find stainless-steel clad
reinforcement bars, pipeline or "purple" epoxy (3M Skotchkote 426) and the yet to be
mass-produced MMFXI/II steel reinforcing bars. There is little information regarding the
long-term performance of these new materials, and most of the information provided is
based on manufacturer's and independent laboratory results.
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Today, no research study has pitted these three new systems and has compared one
with each other for a qualitative analysis. Although there are well established
methodologies to delay corrosion such as adequate concrete cover, low water/cement
ratio, pre-stressing and concrete additives such as fly ash, it is the intent of this study to
observe the last line of defense against corrosion. This study presents all three cost-
effective technologies of steel reinforcement corrosion protection. The standard black
bar and the expensive solid stainless-steel rebar are included for comparison purposes.
This study attempts to compare these technologies using the laboratory test data available
and an exploratory analysis of each method against others. A qualitative comparison is
provided at the end of the study that considers cost, service-life, availability and
resistance. This eventually helps to get a clearer picture for which technology performs
best.
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2.0 Corrosion of steel
A report conducted by the National Institute of Science and Technology titled
"Economic Effects of Metallic Corrosion in the United States", dated in 1995 finds that
the costs of corrosion on the U.S. approaches $350 billion dollars annually [13]. This is
approximately 5% of the nation's Gross Domestic Product. The transportation industry
with its giant infrastructure base suffers a large percent of these high costs. Corrosion of
steel is a key player in infrastructure degradation and deterioration and should be
addressed in order to improve on the life-expectancy of new transportation infrastructure.
These costs could be reduced by improved application of proven methods and new
technology which could eventually extend the life and reduce the maintenance of a
structure.
Steel, including reinforcing steels, is an alloy by and large composed of iron and a
small percentage of carbon. Iron, as we know it in steel, is generally unstable in nature.
On a molecular level, nature is always looking for ways to stabilize this compound. As
defined by the Concrete Admixtures Handbook, "corrosion of steel in concrete is an
electrochemical process which is controlled by the electrical resistivity of the surface of
the steel, the pH of the cement paste in contact with the steel and the diffusion of
electrolytes, such as chlorides and oxygen into the concrete [15]."
The process of corrosion tends to be electrochemical in nature and could involve
many variables. Steel tends to react with most elements found in the atmosphere, hence,
it is not difficult for the process of corrosion to initiate. Two or more electrode reactions
are required for the process of corrosion: the oxidation of a metal or anodic partial
Massachusetts Institute of Technology 8
reaction, and the reduction of an oxidizing agent or cathodic partial reaction [11]. The
following figure depicts the electrochemical process of corrosion, hydrogen ions reacting
with an iron surface.
2e"
Figure 1: Steel corrosion [16]
There are different forms of corrosion. The most common or well know is oxidation
of steel due to exposure to the atmosphere. On simple terms, when oxygen, reacts with
the ferrous surface of a steel, ferrous and ferric oxide are produced resulting in what is
generally known as rust. Rust, is the visible result of the process known as corrosion.
2.1 Atmospheric corrosion
When iron is exposed to the elements, such as the case with atmospheric corrosion,
water reacts with iron and a thin film electrolyte is created which hovers around the
surface of the steel. This thin film electrolyte balances the corrosion process and allows
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for further deterioration and corrosion because it provides the necessary ingredients for
both the anodic and cathodic reactions. This thin film is created during atmospheric
corrosion (exposure of the reinforcement) and at a critical humidity of 60 percent for iron
[16].
Atmosphere
Thin Film Electrolyte
++ Fe H2 H2 0 0 C O
Fe -
Figure 2: Atmospheric corrosion of iron [16]
During atmospheric corrosion, iron could react with water. Aqueous corrosion is
another process that results from steel exposure to the elements. It can be seen from
equation (1) how the different elements react in aqueous corrosion which involves
reaction of hydrogen ions and oxygen with iron [16].
2Fe + 2H 20 + 0 2 + 2Fe(OH) 2  (1)
This reaction produces hydrous ferrous oxide which is not the final product. Ferrous
oxide further reacts with water and oxygen as seen in the following equation.
4Fe(OH) 2 + 2H 20 +024 4Fe(OH) 3 (2)
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This reaction finally produces hydrous ferric-oxide which has red-brown/orange
color characteristic [16]. This product is what is typically observed in the surface of
corroded steel and is commonly denoted as rust.
2.2 Carbonation
Corrosion can also be initiated when steel is embedded in the concrete matrix.
Carbon dioxide from the atmosphere can react with calcium hydroxide, and other
hydroxides, in the cement mix. This process is known as carbonation. The product of
the reaction, show in equation (3), results around the reinforcement and in a pH level
(usually 8) lower than the one present in the cement mix which tends to have a pH above
12 (alkaline)[ 16].
Ca(OH) 2 + CO 2 -> CaCO 3 + H20 (3)
This difference and instability initiates corrosion on the reinforcing steel as it
loses equilibrium with its medium, concrete. Carbonation is one of the major players in
the deterioration of standard reinforcements. Cracking of concrete and even spalling
could be the direct result of severe corrosion due to carbonation. Spalling, which is one
of the adverse effects of corrosion, is discussed in the following section.
2.3 Chloride diffusion
Elements that affect steel can either be present at the time of steel embedment in
concrete or can work their way through the concrete cover through convection, migration
or diffusion [16]. Temperature changes as well as imperfections in the concrete surface
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create gaps within the matrix of concrete which through time are exploited by the same
elements that corrode. Chloride diffusion is a good example. Chlorides originating from
the de-icing salts used on top of a bridge deck, through time and increased levels of
concentration, tend to diffuse into the concrete structure and into the surface of the steel.
Once chlorides reach a certain threshold, the process of corrosion is accelerated. The
following figure (3) depicts the process of steel corrosion through the contact of iron and
diffusion of hydrogen. These ions of hydrogen could be substituted by negatively
charged ions of chlorides which react with iron in a similar fashion.
Corrosion reduces conductivity on the steel. Most elements affect the stability of
steel, promoting its corrosion. On occasions a thin film of initial corrosion is produced,
generally called a patina, this to a certain extent protects the steel from further rapid
corrosion. Even this patina is easily disrupted by increased levels of chlorides that enter
through diffusion.
2e
Mas tdiffusion
H Mass transport migration
convection
exchange current density (i )
Char e transfer Tafel slope (b)
II activation barrier (a)
Figure 3: Corrosion of steel, mass transport [16]
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Figure 3 depicts corrosion of steel as a consequence of mass transport. The hydrogen
ions could be easily substituted by chloride ions that transport themselves through
diffusion producing a similar effect, deteriorating the iron.
Chloride ingress into concrete and carbonation rates can be modeled and predicted as
will be seen in section 7.0. Chloride ingress could be modeled using Fick's second law
of diffusion and the process of carbonation using a parabolic relationship [4].
2.4 Factors that influence corrosion
There are plenty of identified patterns and forms of corrosion. These include,
uniform corrosion, pitting, crevice corrosion, selective leaching, erosion corrosion,
environmental cracking, intergranular and atmospheric corrosion [17]. Regardless of the
form, corrosion has negative effects on infrastructure. These effects are described and
examples are provided in the following section.
There are identified factors which influence the rate of corrosion, these include [18]:
* Chloride levels exceeding 0.4% by weight
" Quality of concrete and concrete cover
* Moisture level of the concrete [18]
* Inhibitors and admixtures present in cement mix
* Protection and type of reinforcement used.
It is necessary to find new sources of protections within and on the surface of the steel.
This study concentrates on the protection and type of reinforcement used as a
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factors determining life of the structure. All other factors are assumed to be
optimized for best performance.
3.0 Effects of Corrosion
The deterioration of conventional reinforcing bars in reinforced concrete, as a result
of corrosion, has serious effects on the structural integrity of the structure. Surface cracks
and spalling are usually visible signs of mechanical strength loss [18]. Spalling or
breaking of concrete (exposure) is due to a volume increase in the size of the
reinforcement due to corrosion. The build-up of corrosion, or volume increase on steel
reinforcement, creates higher stresses inside the concrete. When levels above the
plasticity range of concrete are reached, the concrete breaks and cracks. Figure 4 depicts
the process of cracking and spalling of concrete due to carbonation.
Cracking and spalling of the concrete cover Stresses due to
corrosion product buildup
Reduced pH levels due to carbonation
Voluminous corrosion Reinforcing steel
products
Figure 4: Spalling of concrete due to corrosion (carbonation) [16].
Massachusetts Institute of Technology 14
The exposure of the reinforcement due to severe spalling usually results in further
and more rapid corrosion due to loss of concrete cover and exposure to a higher number
of corroding elements. The following figures 5 and 6 show spalling of structures with
full exposure of the steel reinforcement.
Figure 5: Deterioration of bridge deck due to chloride corrosion of reinforcing steel [18]
Figure 6: Spalling on building columns [18]
Structures in advanced stages of corrosion and with visible deterioration (spalls
and cracks) usually suffer from decreased structural strength. Ignoring these visible signs
could result in ultimate structural failure. Examples of deficiency in structural integrity
due to advanced corrosion include the collapse of the Berlin Congress Hall in 1980 and
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the collapse of a Parking Garage in Minnesota during 1984. These failures were
attributed to structural weakening due corrosion.
The following figures show the Collapse of Berlin Congress Hall and the collapse of a
salt damaged concrete garage.
Figure 7: Collapse of Berlin Congress Hall, Berlin circa 1980 [5]
Figure 8: Collapse of parking garage due to salt damage corrosion, Minnesota 1984 [5]
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4.0 Standard Practice for Corrosion Protection
According to the 1999 ACI Manual of Concrete Practice there are several
distinctive procedures and items which could be implemented in order to reduce
corrosion of steel embedded in concrete. These procedures have been applied throughout
the years to mitigate and protect against corrosion. Quoting the 1999 ACI Manual of
Concrete Practice itself, it is mentioned that "measures which can be taken in reinforced
concrete construction to protect the steel against corrosion can be divided into three
categories [2]:
(a) Design and construction practices that maximize the protection
afforded by the Portland cement concrete.
(b) Treatments that penetrate or are applied on the surface of the
reinforced concrete member to exclude chloride ion from the concrete.
(c) Techniques that prevent corrosion of the reinforcement directly [2]."
This study focuses on the last premise found in the manual which looks at prevention of
corrosion directly from the reinforcement.
These techniques include the importance of adequate concrete cover, low
water/cement ratio, the need for reduced surface cracks, reduced effects of moisture,
inhibiting admixtures and concrete quality, all of which are further discussed.
4.1 Concrete Cover and Quality of Concrete
Concrete tends to provide good protection of steel against corrosion. High quality
concrete with low amounts of impurities is important for reduced corrosion effects.
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Cement of low quality composition is prone to more impurities and increased levels of
chlorides present in the formula. High quality cement provides higher resistivity to
chlorides. Portland cement tends to be a good example of quality cement. Not only is
high quality cement important for the fight against corrosion but adequate concrete cover
(depth) is also essential. The adequate depth can be estimated using Fick's second law of
diffusion, equation (4), which prognosticates diffusion of chloride through concrete or
any other porous material [6].
f Cx D(f2 Cx) (4)
ft .f2x
Cx = concentration of chloride detph at time t
D = diffusion coefficient of chloride
Standard practice calls for a suitable concrete cover above the steel reinforcement in
order to reduce chloride diffusion and intrusion of externalities that affect the steel.
Diffusion
With R eaction
External Solution
72 Concentration
C-) Diffusion
without reaction
DEPTH
Figure 9: Cover depth vs. chloride concentration in different reactions [2]
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As can be seen from the previous figure 9, diffusion of chlorides and other elements
decreases as the depth of concrete increases. The figure shows different chloride
reactions, one chemical and the other non-chemical reaction of chlorides that occur with
cement. Regardless of the interaction of chlorides with the concrete, the conclusion is
that added cover is beneficial in the protection against corrosion. Hence, the depth of
concrete should be as thick as possible consistent with good structural design practices
[2]. It has also been observed that spalling is a function directly related to concrete cover
and diameter of the reinforcement [2].
4.2 Water/Cement ratio
It has been proven that a low water-cement ratio tends to slow down the diffusion
of chlorides, carbon dioxide, and oxygen into the structure. The drawback behind a low
water/cement ratio is the reduced molding capability of concrete. Nevertheless,
decreasing the ratio is said to also provide increased strength. The increase in strength of
the concrete may reduce the time of corrosion because the surface of concrete is stronger
and less prone to surface cracks [16]. Increasing the compactness of the concrete mix,
not only increases strengths, but might reduce voids, reduce the pore volume and the
overall permeability of concrete. All these make diffusion of chlorides and other
elements much more time consuming [2]. A reduction of water/cement ratio of up to
0.40 is required to achieve low levels of permeability [2].
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4.3 Inhibitors and Admixtures
Use of superplasticizing agents and mineral admixtures are important factors in
reducing the permeability and ingress of chlorides [7]. Different types of inhibitors and
admixtures are used in the field of construction. As mentioned before, a low/water
cement ratio helps reduce the permeability and increase strength of concrete.
Nevertheless, this tends to hinder the workability of concrete. The use of inhibitors and
admixtures allow for a more workable concrete mix and still provide protection against
diffusion [2]. There are plenty of inorganic and organic inhibitors and admixtures
available in the market. These products are all patented and have different effects.
These inhibitors work by affecting either the anodic reaction, the cathodic reaction, or
both [7]. Active inhibitors, anodic, facilitate the build up of an oxide film on the surface
of the steel of the reinforcing bars and the passive systems protect by reducing the
amount of chloride migration [7]. Several tend to have negative effects in the concrete
mix reducing setting time and other have detrimental effects reducing the strength of
concrete in the long run. Among the inorganic compounds available one may find
potassium dichromate, stannous chloride, zinc and lead chromates, calcium
hypophosphite, sodium nitrate and calcium nitrite [2]. The organic inhibitors include
sodium benzoate, ethyl aniline and mercaptobenzothiazole among others [2]. Sodium
nitrate and calcium nitrite have been very effective at high levels in Europe. Among the
most commonly used and popular names in the market today are DCI (Darex Corrosion
Inhibitor), Rheocrete 222, Armatec 2000, Ferrogard 901, MCI 2000 and Catexol 1000 Cl
[7].
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Fly-ash which has become exceedingly popular also increases strength besides
reducing the permeability of concrete and resisting sulphates and alkali-aggregate
reactions [24].
It has been concluded that the use of inhibitors and admixtures are of utmost value
in the fight against corrosion, nevertheless, they should not be used alone.
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5.0 New Developments in Steel Reinforcement
The methods and procedures discussed in the previous section could all be
implemented providing a service life lower than what the FHWA has mandated. When
exposed to high level of chlorides due to marine environments or de-icing salts, these
standard procedures fail to mitigate corrosion for extended periods of time. A typical
bridge deck exposed to high levels of chlorides using the standard procedures mentioned
and a typical black bar reinforcement could be expected to last 10 years, 15 the most
without spalling or needed service. This is insufficient to satisfy FHWA requirements.
New developments concentrating on the last line of defense, the reinforcement,
include stainless-steel rebars, stainless-steel clad bars, new types of epoxies and the new
developed Dual Phase Ferritic-Martensitic (DFM) steels better known by the
manufacturer's name, MMFX steels. The following describes each new technology and
includes costs considerations, expected service life and availability. This study is going
to concentrate on addressing and looking at new materials with different resistivity in the
surface of the steel which provide higher resistance to corrosion.
5.1 Stainless Steel Rebars
According to a five year FHWA study on Corrosion-Resistant Reinforcing Bars, it
was concluded that Type 316 stainless-steel reinforcing bars have the potential for a
service life of 75-100 years without maintenance [6]. The FHWA report had pitted
stainless-steel technology against all others available at the time. Stainless-steel had a far
superior performance over other corrosion resistant reinforcements such as galvanizing,
epoxies, zinc-clad, copper-clad and the typical black bars. Stainless-steel reinforcement
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bars come in different types with small differences in their integral chemical
compositions. Table 1 shows the different available grades and their composition of
elements as weight percentage. Iron (Fe) would be the resulting balance after all other
elements are combined for each.
Table 1: Stainless-steels nominal composition, wt% the balance Fe [20]
Grade UNS. No Cr Ni Mo C(max) N Type
304 S30400 19 9.5 0.08 Austenitic
304L S30403 19 10 0.03 Austenitic
316 S31600 17 12 2.5 0.08 Austenitic
316L S31603 17 12 2.5 0.03 Austenitic
316LN S31653 17 12 2.5 0.03 0.13 Austenitic
2205 S31803 22 5 3.0 0.03 0.14 Duplex
These different types and grades of stainless-steel reinforcement have different
characteristics, some display increased strength, ductility and weldability. In terms of
corrosion resistance type 316 was the best followed by type 304 [6].
Today, a number of manufacturers and suppliers concentrate on the stainless-steel market
and produce the previous types and grades in mass quantity. These types of rebar are
readily available. The manufacturers and distributors can be found both in the US and
Europe.
Stainless-steels are notorious for their costs. The overall costs of a stainless-steel
rebar can range between $1.40-$1.60/lb plus $0.04/lb for delivery according to a stainless
steel supplier. This is more than 6 times as much as standard black bar which ranges in
costs between $0.20-$0.28.
Several factors define the cost of stainless-steel in the market. These are identified as the
following [26]:
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* Price to produce alloy
* Cost of market value change, i.e nickel
* Delivery. Most pure stainless steel manufacturers located in East (US).
* Installation, pricing details of termination etc. [26]
Nevertheless, these additional costs in the reinforcement are greatly justified by the
increased performance and resistance of this reinforcement against corrosion. The life
cycle costs on a structure with stainless-steel reinforcement is much lower than a
structure using standard black bar. Figure 10, shows the costs difference between 304
and 316 stainless against typical carbon steel rebar. Maintenance and restoration costs
are included in the formula to provide an overall picture of the total expenditures caused
directly by the use of the different reinforcements.
Tdal Cost [milli ns of Pounds]
Carbon steel4W-
310 Stainless Steel
24 304 SWindess Steel
Restormion
18 23 30 Life [years]
Figure 10: Life Cycle Costs: Stainless Steel vs. Typical Black Bar [201
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The previous figure is extremely powerful in deciding for quality materials and structure
investments. The FHWA understands the increased costs of restoration and maintenance
and it is likely that their 75-100 service life mandate on all new bridge structures is based
on a similar conclusion and analysis of initial costs versus overall life service costs.
The FHWA concludes on their study that a type 316 stainless-steel reinforcing
bars should be considered at the design stage as a potential method for obtaining a 75-100
yr design life. Tests resulted in a corrosion rate of 0.000051mm/yr (0.000002in/yr) for
316 stainless-steel this is significantly under the 0.0003-mm/yr (0.0000 13-in/yr) loss rate
necessary to allow a 75-100 years of life without cracking or spalling [6].
5.2 Stainless Steel-Clad Rebars 304L/316L Clad (Nuovinox, Stelax. UK).
The high costs of stainless steel handicap the global usage of stainless-steel on all
structures. A new technique has been developed that combines the corrosion resistance
of stainless-steels with the standard black bar. Stainless-steel clad (SSC) reinforcing bars
have been developed in the United Kingdom by Stelax. Their product, Nuovinox,
includes an inner steel core and an outer stainless steel envelope. Figure 11 shows the
product as marketed by Stelax [19].
Figure 11: Stainless-Steel Clad Rebar [191
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As advertised, this product can be characterized as a composite material with
identical properties to stainless steel but at a lower cost. The manufacturer also mentions
that Nuovinox is stronger than austenitic stainless steels.
Using a patented production method, the Stelax mills produce Nuovinox rebars in
the following stages [19]:
" Low price metal scrap is converted into high grade carbon steel
" Stainless-steel coils are converted into heavy walled stainless steel pipes,
to become the outer stainless-steel clad of rebar.
* 600 ton automated press combines and presses carbon steel billets into the
stainless steel "pipes", this high pressure-high temperature hot rolling
process fuses both metals at their interface [19].
Their patented production method allows for the combination of the two, reducing
the overall costs of the product and still providing a performance close to that of pure
stainless steel rebars. Figure 12 shows a typical cross section of this stainless steel clad
rebar. Tables 2 and 3 show the respective chemical compostion of both the inner and
outer core of the SSC bars.
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Outer Stainless-steel
Inner Core Carbon Steel
Figure 11: Cross-section of Stainless Steel Clad bar (Nuovinox)
Although more expensive than the regular black bar, at approximately $0.49-
$0.59/lb., these SSC provide one of the highest levels of corrosion resistance in the
market and would greatly reduce the maintenance costs of the structure in the future.
This product has a market advantage because it costs 2 times less than pure stainless
reinforcement.
The FHWA concluded on their study that a type 316 stainless-steel reinforicing
bar should be considered at the design stage as a potential method for obtaining a 75-100
year design life. These SSC bars can be produced with an outer core of either 304 or 316
stainless steel. Performance in the resistance of corrosion should be expected to be
similar to those experienced with pure stainless-steel reinforcing bars.
There are several drawback regarding this relatively new product. Some of the
observed problems correspond to the manufacturing process and other with the final
product. Professionals in the field of engineering, especially those in the D.O.T of
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several states in the United States have concurred with the same concerns about the SSC
Nuovinox product, these include [27]:
" Unsure about actual production process
* Imperfect curing between cladding and steel
* Possibility of inconsistency and variability in quality of product (different clad
thickness throughout rebar)
" With concerns in quality consistency, bars would have to be purchased in
dimensions higher than what would be specified for standard black bar for safety
reasons.
* Questions regarding bond between both steels.
* Problems might surge regarding bending of product.
* Problems with delivery time and limited production. (currently produced in UK)
Today, several companies are looking for innovative ways to introduce a product similar
to Nuovinox yet different in production method. US mills are looking and establishing
new and competing products of SSC bars. One of the new methods may call for spraying
of stainless-steel into surface of standard carbon steel [27].
Table 2: Chemical Composition Outer Core, wt% Stainless Steel Clad [19]
C N Mn P S Si Cr Ni M0 Fe
0.03 0.1 2 0.045 0.03 0.075 16-18 10-14 2-3 69.7-62.7
Table 3: Chemical Composition Inner Core, wt% of Stainless Steel Clad [19]
Grade C Al Mn P S Si Cr Ni Mo Fe
40 0.1 - 0.4 0.01 0.03 0.03 0.02 0.03 0.01 99.37
60 0.35 0.028 1.03 0.017 0.044 0.25 0.15 0.16 0.04 97.931
75 0.5 0.03 0.85 0.01 0.06 0.17 0.11 0.12 0.03 98.38
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5.3 Low Carbon Dual Phase Ferritic Martensitic (DFM) Steel Rebars
MMFX III (MMFX Steel. California)
MMFXI and MMFX II are new research developments from the University of
California at Berkeley led by effort of Dr. Gareth Thomas. Production runs were
scheduled for October and November of 2000. According to the data provided by the
manufacturer and a technical paper titled "Microstructural Design of Concrete
Reinforcing Bars for Improved Corrosion Performance" from the University of California
at Berkeley, these rebars have a high corrosion resistance and an improved mechanical
behavior from that of the conventional black bars in categories such as toughness,
ductility, weldabilty and formability.
These products are altered at a microstructural level to provide the increased
performance in the different categories [12].
There are two available types MIMFX-I and MIMFX-II Steel.
SMiMFX-I : Is a dual phase steel composed mainly of ferrite-martensite which is
said to improve corrosion resistance and mechanical properties when compared to
the typical black bar. This new altered product could substitute the use of organic
and inorganic coatings such as epoxies in the construction industry. Figure 11
shows the microstructure of the MMFX-I steel. Latches of martensite combined
with ferrite tend to neutralize reactions and reducing galvanization of the steel,
improving corrosion resistance and increased strength [12].
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MMFX 1
DUAL-PHASE STEEL
MINIMIZED GALVANIC COUPLING
Figure 12: Microstructure of the dual phase MMFX 1 [121
* MMFX-II: Uses a different microstructure technology from that of the
Dual Phase. This microcomposite steel is composed of dislocated laths of
marteniste and sheets of austenite. This organized pattern does not require
quenching to produce an improved corrosion resistant and mechanically
superior steel from that of MMFX I. Figure 13 shows the microstructure
of the MMFX type II steel [12].
MMFX 2
MICROCOMPOSITE STEEL
DISLOCATED LATHS
UNTRANSFORMED
NANO SHEETS OF
Figure 13: MMIFX II microstructure composition [12]
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The resulting product is pictured on Figure 14. MMFX I and MMFX II are currently
produced in relatively low quantities. These steels are still on experimental stages and
are being tested on every possible category for certification and commercial use.
Figure 14: MMIFX steel rebar [12]
This product is being installed in a few states as part of the FHWA program on new
technology testing. The manufacturer's laboratory results has so far indicated that this
reinforcement has the potential of becoming a new product that provides reinforcement
and resists corrosion in highly saline environments. Nevertheless, only time test in actual
conditions will deliver the final statement regarding the performance of this product.
The cost of this material was not specified by the manufacturer, yet the sales
representative gave a cost-figure between $0.32 /lb and $0.52/lb for this new technology.
The representative emphasized the fact that the cost was to be slightly below the cost of
typical black rebar plus epoxy coating. The service life of this material is unknown and
Massachusetts Institute of Technology 31
difficult to estimate. The material has not been tested on the field yet for long periods of
time.
After a study of chloride induced corrosion, DFM (dual ferritic martensitic) same as
MMlFX-I exhibited 4 times less mass loss than the typical black bar. This test is set to
simulate a 15-20 year exposure to chlorides and the total mass loss at this simulated
period of the black bar was 1.68% while the DFM was 0.4% [23].
Table 4: Composition Reinforcing Steel, wt% MMFX (DFM) vs. Black Bar [23]
Te C Mn P S Si Cu Ni Cr Mo Sn Fe
DFM 0.1 0.4 0.0 0.0 1.8 0.3 0.1 0.1 0.0 0.0 97.2
ASTM 0.3 1.1 0.0 0.0 0.1 0.4 0.1 0.0 0.0 - 98
This table shows the percentage composition of each element comparing the MMFX steel
(DFM) with typical ASTM 615 bars.
5.4 Fusion Bonded Epoxy Coating. (Pipeline "purple" epoxy)
Skotchkot Type 426 (3M. Texas)
There are several types of epoxy formulas in the market. The 3M type 426
Skotchkot epoxy is the newest of its kind. It provides a much better resistance to
corrosion than other conventional types because of 3M's dedication to a new epoxy that
provides increased toughness and improved characteristics against debonding [5].
This epoxy is distinctive in its bright purple color, and on the field it has been
nicknamed "Barney" bars after the fictional dinosaur of the same color. Figure 15, shows
a detail of this type of reinforcement protection.
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Figure 15: Detail of a steel reinforcement with 3M Skotchkot 426 epoxy [51
The difference with other epoxies like type 413 of 3M, is that 426 bonds to the
surface steel to a higher level than 413, 213 and others. This epoxy satisfies the ASTM
935 requirements for the use of epoxies in steel reinforcement.
Epoxy application requires several steps in a controlled environment for
maximum performance. These steps have to be sequential and include the following [7]:
* Reinforcing bars that range from 20ft to 60ft in length move along powered
rollers at a speed of approximately 20-50ft/min.
* The bars are sand blasted to remove impurities and/or any other surface corrosion.
" The bars are pretreated with a specific solution (specified by producer of epoxy),
excess is removed and bars are dried.
* Heat is then applied to the bars through and induction coil at temperatures of up to
475 degrees F for 1 to 3 seconds.
* Epoxy powder is then immediately electrostatically sprayed onto the bars by
automatic guns. The heat melts the powder producing a smooth cover.
* The bars are then cooled by the ambient air or are sprayed with cold water to
allow handling.
* After quality inspection, the bars are lifted off rollers and stacked.
Figure 16, provides a graphical representation of the process discussed above.
Massachusetts Institute of Technology 33
General Apploation Steps
A. RAme oil, greaw and loosely aderimg deposits. E. Allow to cure accrding to Cure Specilications.
B. Abrasive blast clean the surface to SSPC-SP 0 or NACE F. Electrcally inqpect ror holidays after coating has cooled
No. 2 aear-while. to 25WF (12 1IC) or lower.
C. Prehait al to appoxmantely 4500F (2321C).
D.Depoil Scotchkote 426 coading by electrotatic spray to
tie -icka required Some overspray may occur.
W"cWan Blast Heat Apply Cure
Rust Clean
Figure 16: Graphical representation of epoxy application process [5]
The topic of epoxy coatings has been one of much debate in the past 10 years.
Studies by the FHWA have concluded that the use of organic and inorganic epoxies tend
to improve the resistance to corrosion of the reinforcement [6]. Nevertheless, in states
such as Florida, the experience has been completely the opposite. The Florida D.O.T has
established a moratorium on all epoxy application to any of their bridge structures
exposed to marine environments. The reason being that many of their bridge structures,
mainly in the Keys that used epoxy (other than 426) showed signs of deterioration a few
years after construction, due in part to corrosion of the reinforcement [7].
Several conclusions were drawn form the fact that this happened. Epoxy
coatings tend to be tricky in that they need special attention in application and
installation. Coatings need to be free of holidays (irregularities), cuts and bruises. The
coating should have no visible entry through which chlorides can have access to the steel.
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It is believed that the unexpected behavior of epoxy coated bars in Florida was due to
inadequate concrete cover, mishandling of the reinforcement, high chloride content in
concrete mix and lack of use of other corrosion protection methods in concrete mix [7].
Florida seems to be a special case given that the overall conclusion by the FHWA
states that the use of epoxy, even low quality coatings, can provide a service life of up to
20 years. It was observed on certain bridge decks that corrosion was reduced by 41
times when coating was used on a top and bottom mat on a bridge deck [7].
It was also concluded that the number of defects in the epoxy coating and the
amount of disbondment influence the performance of epoxy coated rebar (ECR).
Skotchkot 426 seems to have improved dramatically the disbondment performance of
epoxy. Figure 16, shows the disbondment rate of 426 under wet and highly corrosive
conditions. The test resulted in only a 3mm disbondment on the Cathodic Disbondment
test after 60 days.
As can be seen in figure 17, this epoxy is 3 to 8 times better than all other
conventional epoxies in the market. If a standard epoxy on a wet environment and in the
presence of high levels of chlorides results in a service life of 20 years, this new epoxy
could be expected to provide a life of 60 to 80 years. Other tests show the improved
performance of this epoxy as seen in figure 17 and 18.
Cailodlo Disbon 76
ScottIote 426 at 1 5V CDT, 73'F, 3% ASTM G-8 Electroyte
3
2
0 = 1.5 volts 3 est Duration - Days
Figure 17: Cathodic Disbondment test and performance of Skotchkote 426 [51
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Scowcbkote 426 rebar coating
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Figure 18: Skotchkote 426 versus other epoxies on Cathodic Disbondment test [5]
Recently, rebars coated with 3M 426 purple epoxy have been used in structures
located on very hostile marine environments for the Department of the Navy. It was also
recently used (date) in the construction of the Fort Allen Bridge. Under the right
conditions and with correct treatment of concrete against corrosion, this epoxy could
provide a service life in bridge decks, in a hostile marine environment close to that
mandated by the FHWA. A representative of Fletcher Coating (epoxy coating facility)
gave a general figure of $0.25 /lb over the cost of the conventional rebar as the cost of the
epoxy including application.
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Figure 19: Field application of purple epoxy (426) rebars [5]
The problems concerning the use of ECR as mentioned before include the need
for careful handling, installation and minimal defects.
Under epoxy coating, corrosion is harder to detect and this is sometimes a drawback of
ECR given that corrosion could be spreading through the rebar under the coating without
showing visible signs. This is dangerous because it does not give a warning for
maintenance purposes.
Implications of the findings from the FHWA stipulate that it is important for epoxy-
coated rebars to be free of any significant damage before embedding in concrete. As
concluded in the FHWA study, epoxy coating is effective, it can provide a life in excess
of 20 years, but has to be applied over sound steel and can not be damaged before and
during installation because corrosion will inevitably propagate. Skotchkot 426 has the
potential of providing more than 20 years under the right conditions.
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6.0 Corrosion Modeling, Software and Simulations
There are few software products in the market that assist in the prediction of
corrosion propagation and provide an expected service life of reinforced concrete
structures.
In order to predict the propagation of corrosion or the probable service life of a
structure, variables such as concrete depth, concrete cover, environmental conditions
(potential chloride exposure), use of inhibitors and admixtures, and reinforcement (coated
or uncoated) have to be identified.
Corrosion can be modeled using software that adopts Fick's second law of
diffusion. The equation used is the same as the one presented in section 4.1, that shows
the importance of concrete depth and cover, equation 4.
The solution to this differential equation for chlorides transporting through diffusion from
the surface is [4] :
(Cnm - Ce )/ C. - C. )= erfl (x) /(4 D.:t)l 2 5
Cmax = near surface concentration of Chlorides
Cx, t = the chloride concentration at depth x at time t
Cmin = the background chloride concentration
Erf = error function.
Similarly, carbonation rates can also be modeled. Carbonation rates tend to follow a
parabolic funtion [4]. These can be modeled using:
d =AtC 0.5(6)
d = carbonation depth
A = constant, 0.25 to 1.0 mm year
T = time.
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These rates are dependent on the environment and many other variables that affect the
corrosion propagation.
One of the programs that considers most of the variables that affect corrosion
propagation, service life and life cycle costs of a structure is DuraModelTM by the W.R.
Grace company. The Grace model describes different possible effects of steel corrosion
and different approaches to solving the problem of corrosion mathematically considering
materials, processes and costs. It considers reduction of the ingress of chlorides,
increase of the chloride levels at which corrosion initiates and reduction of the corrosion
rate once corrosion initiates [25]. The model is WINDOWS based and the inputs include
the type of structure and application, and the exposure conditions - temperature, surface
chlorides, thickness, chloride build up/year, and the corrosion threshold. Outputs include
the service life with repair and the costs for various protection systems, such as the ones
discusses in previous section of this report [25].
Drawbacks with the DuraModel is that it concentrates on the use of inhibitors and
admixtures and it could be viewed as biased by some, given that this software program
caters to products available in W.R. Grace. Nevertheless, private companies have used
this software to predict and understand the use of different variables on the life of a
reinforced concrete structure.
The modeling incorporates technology from a number of sources and is supported by the
FHWA and others [25].
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The following figure shows the user interface for the DuraModelTM demonstration
software.
Try this deionstration version of
DuraMO dO the DuraModel and see how easy to use
and valuable DuraModel can be.
Figure 20: DuraModel tm (demo) user interface [22]
DuraModel is seen by some on the D.O.T as biased given that it is a product that
originates from an admixtures producing company. DuraModel continues to be improved
today by funds originiating from the FHWA and other private companies interested in a
product that provides a better grasp and understanding of the behavior of all the variables
that are related to and affect corrosion, the life of a structure, and the costs associated
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with them. There are other software products being developed and other have been
developed in house such as the one produced by the Florida D.O.T.
7.0 Technology Application
The 1998 Transportation Equity Act for the 21st Century (TEA-21) has
implemented programs that help increase the use of high-performance materials that
reduce maintenance and overall life-cycle costs of any transportation structure. One of
these programs is the Innovative Bridge Research and Construction Program (IBRC)
established under TEA-21 [8].
This program provides funding to local and state authorities for projects that
promote the use of new technology [8]. Throughout the years since 1998, projects
throughout the states have been awarded IBRC funding.
These funds have helped promote the use of new technology in order to introduce it to the
industry and help evaluate this technology in real world applications. Among the
awarded projects, the four new technologies identified and described in this study are
included.
The following is a list of each of the new steel reinforcement technology that has
been the focal point of this study and the states and projects in which it this technology is
applied. The source of the data table provided was extracted from the database of the
FHWA [9].
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1) Solid Stainless Steel
Table 5: Solid Stainless Steel application in the U.S. [9]
Solid 
. Replacement - 3-span prestressed I-girder bridgeM01 1 StaesRue GaitMissouri MO-GO- Stainless Deck Slab Route 6 in (137' long x 37' wide); concrete deck slab w/ solid01 Steel Galt stainless steel rebars; loading is MS18 (military) (...)
Solid Middle Replacement - Utilizing solid stainless steel reinforcing
Montana MT-01- Stainless none Fork of the bars in a new concrete bridge deck slab in order to01 Steel Flathead prevent future corrosion damage (...)Rebars jRi I_______________
Solid City of Replacement- 2-span continuous reinforced concrete
SC-GO- Stainless Myrtle flat slab superstructure (48' long x 61' wide) on pileSouth Carolina 01 Steel Pier Caps Beach, bents w/ prestressed concrete piles; stainless steel
Route SC rebars in superstructure and bent caps; experimentalRebars 73 corrosion inhibitor (...)
Solid City of Replacement- 2-span continuous reinforced concreteMyrtle flat slab superstructure (48'long x 61' wide) on pile
South Carolina 0 - SteeleS rire Beach, bents w/ prestressed concrete piles; stainless steel01 Steel Slab Bridge Route SC rebars in superstructure and bent caps; experimentalRebars 73 corrosion inhibitor (...)
Solid City of Replacement- 2-span continuous reinforced concrete
Sols Myrtle flat slab superstructure (48' long x 61' wide) on pileSouth Carolina SC-0G- less Substructure Beach, bents w/ prestressed concrete piles; stainless steel
Route SC rebars in superstructure and bent caps; experimentalRebars J73 corrosion inhibitor (...)
Solid Eastbound Replacement - Twin bridges utilizing Clad and Solid
Virginia VA-01- Stainless none Twin Stainless Steel reinforcing bars in the bridge deck
Rebars Bridge slabs in order to prevent future corrosion damage ()
Solid Westboun Replacement - Twin bridges utilizing Clad and Solid
Virginia A-01- Stless none d Twin Stainless Steel reinforcing bars in the bridge deck
01ars Bridge slabs in order to prevent future corrosion damage (...)
2) Stainless Steel Clad (Stelax, Nuovinox)
Table 6: Stainless Steel Clad application in U.S. [9]
Stae rojctMatera Elemient DligeIescription# Namie
Clad Deck replacement & rehabilitation- Single span steelSR 82 over girder bridge w/ concrete deck (104' long x 27' wide);
Delaware DE-00-01 inless Deck Slab Red Clay replace deck w/ concrete slab reinforced w/ stainless
Rebars Creek steel clad rebars and high performance (HPC)concrete; carbon fiber reinforced polymer (FRP) (...)
Clad State Replacement- 18-span bridge (1464'long x 55' wide);Florida FL-0-1 Deck Slab A A70 stainless steel clad rebars in concrete deck (..)
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Steel over
Rebars Bumces
Pass
Clad Rehabilitation- Twin composite steel superstructures
Stainless 1-65 over (148' long X 40' and 52' wide); one w/ black steel in thendiana IN-00-01 Steel none 15th deck and one w/ stainless steel clad rebars in the deck;
Rebars Avenue conduct a comparative study. (...)
Clad Galloway Utilizing clad stainless steel rebar and MMFX
Kentucky KY-01 -02 Stainless Deck Slab reinforcing bars in the bridge deck slab in order to
eb Elkhomr prevent future corrosion damage (...)Rebars Cr.
Clad jReplacement - Utilizing Clad Stainless Steel reinforcing
Michigan MI-01-02 less Deck Slab n/a bars in a bridge deck slab in order to prevent futureSteelI
Rebars corrosion damage (...)
Clad T.H. 100 New Bridge- 2-span prestressed concrete beam bridge
MN-00- Stainless under 36th 9' long x 114' wide); stainless steel clad rebars inMinnesota 02 Steel ec a Avenue concrete deck slab; compare cost and performance to
RebarsNorth,RebarsCrystal epoxy-coated rebars. (...)
Clad Route 860-01- Stainless DeckS ve Replacement - Utilizing Clad Stainless Steel reinforcing
Missouri 02 Steel Deck Slab Hickory bars in a bridge deck slab in order to prevent future
Rebars Creek corrosion damage (...)
Clad Skyline New Bridge - Utilizing clad stainless steel reinforcing
Nebraska NE-01-02 Stainless Deck Slab Drive over bars in a High Performance Concrete bridge deck slab
Stee J Highway 6 in order to prevent future corrosion damage (...)
Clad Route New Bridge- 3-span prestressed concrete beam bridge
Nrth Dkt 00 Steel eck Sla 94,erValey ldrbr hogottesrcue .North Da ota D- - ainless eck b Interst t  (125' long x 40' wide); use Nuovinox stainless steel
Rebars cty clad rebars throughout the structure.
IClad TRouteCled Girders- rste New Bridge- 3-span prestressed concrete beam bridge
Norh akta N0 - Steenls C9nrt V-tsaley (125' long x 40' wide); use Nuovinox stainless steel
01 Steb Beams 94,iValley clad rebars throughout the structure. (...)
Clad Route New Bridge- 3-span prestressed concrete beam bridge
North Dakota ND-00- Stainless Substructure Interstate (125' long x 40' wide); use Nuovinox stainless steel
1 Steel 94, Vaey *clad rebars throughout the structure. (...)
Rebars city
Clad New Bridge- Twin 5-span prestressed concrete bulbCK-d-Chickaskia tee beam bridges (each is 200m long x 11 m wide);
Oklahoma Stainless none River Stelax stainless steel clad rebars for corrosion01 Steel Bridge protection in deck and concrete railings of one bridge;
Rebars control structure w/ epoxy coated rebars in deck (...)
IClad ROR-1- Sainless nRBethel eplacement - Utilizing Stainless Steel tendons inOregon none concrete bridge I-beam girders in order to preventOregon 01 Steel Creek future corrosion damage to the tendons (...)
Rebars
Clad US 281 Replacement - Utilizing Clad Stainless Steel reinforcing
South Dakota SD-01-01 Deck Slab over BNSF bars in the bridge deck slab in order to prevent future
ebars RR corrosion damage (...)
Clad E.B. Route New Bridge - Utilizing Clad Stainless Steel reinforcing
Utah UT-01-01 inless Deck Slab ve bars in the bridge deck slab in order to prevent future
Rebars Rd. corrosion damage (...)
Clad Relocated New Bridge - 2-span continuous steel girder bridge
Virginia VA-98-01 inless Deck Slab BLue 460 (280'long X 33' wide); Use stainless steel clad rebars
Rebars *Re 46 for reinforcement in bridge deck. (...)
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29 Bypass
Stainless Eastbound Replacement - Twin bridges utilizing Clad and SolidVirginia VA-01-01 Snl none Twin Stainless Steel reinforcing bars in the bridge deck slabs
Rebars Bridge in order to prevent future corrosion damage (...)
Clad Westbound Replacement - Twin bridges utilizing Clad and Solid
Virginia VA-01-01 Stless none Twin Stainless Steel reinforcing bars in the bridge deck slabs
Rebars Bridge in order to prevent future corrosion damage (...)
Clad
Wisconsin WI-00-02 Stainless Deck Slab STH 172 Rehabilitation - replace deck with concrete deckSteel WB reinforced with clad stainless steel rebars (...)
Rebars
Clad
Wisconsin WI-00-02 Stainless Deck Slab STH 172 Rehabilitation - replace deck with concrete deckSteel WB reinforced with clad stainless steel rebars (...)
Rebars
3) MMFX
Table 7: MMFX steel rebar application in the U.S. [9]
US 20 over
South
Beaver
Creek,
IA-01- MMFX Project New Bridge - Utilizing MMFX reinforcing bars in theIowa 01 Rebars Deck Slab NHSX-520- bridge deck slab in order to prevent future corrosion
5(78), damage (...)
Eastbound
Bridge of
Design
#400
KY-01 - MMFX Galloway Utilizing clad stainless steel rebar and MMFXKentucky 02 Rebars Deck Slab Rd. o/N. reinforcing bars in the bridge deck slab in order to
Elkhorn Cr. prevent future corrosion damage (
SD-01- MMFX US 281 over Replacement - Utilizing Clad Stainless Steel
prevent future corrosion damage (
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4) "Purple" Fusion Bonded Epoxy Coated Rebars (3M Skotchkot 426)
Table 8: Fusion Bonded Epoxy (3M 426) application in the U.S. [9]
IN01 Lexigto New Bridge - Utilizing prefabricated fusion bondedMinnesota 01- Other Deck Slab LenBrodge epoxy coated reinforcing bars in a bridge deck slab
in order to prevent future corrosion damage(...)
MN-01- New Bridge - Utilizing prefabricated fusion bondedMinnesota 01 Other Deck Slab N/A epoxy coated reinforcing bars in a bridge deck slab
in order to prevent future corrosion damage (...)
Several of the projects listed are applying more than one type of reinforcement
technology.
In states such as Minnesota, Wisconsin and Oklahoma the fusion bonded epoxy
technology (3M 426) is being compared to stainless-steel-clad (216) on bridges. They
are using both materials on different sections of the bridge and will periodically observe
the behavior of each material.
In the state of Minnesota, they are using clad stainless steel and epoxy coated
rebars in different sections of the bridge.
Kentucky is comparing clad stainless steel versus MMFX steel. Indiana has built
twin composite steel superstructures, one with standard black steel and the other with
stainless steel clad rebars.
Virginia has also built twin bridges utilizing clad stainless steel in one and solid
stainless in the other.
The idea is to apply these different technologies in the same structure or another
very close to it. These real world applications help in evaluating the performance of the
different types of technologies over time. These new technologies are to be monitored
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during the life of the structure. Hopefully, these tests would be able to provide a
conclusion to which of these new products performs best against corrosion.
These tests performed by the states' highway department and funded in part by the
FHWA reinforce the fact that, today, not enough information is available to make a
performance based decision between the technologies, because none have been tested and
compared after extended years of service life.
The following figures depict bridge decks with new reinforcement technology
application, specifically Nuovinox stainless steel clad rebars.
Figure 21: Sturgeon Bridge, Stelax stainless steel clad reinforcement application [19].
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Figure 22: Toronto bridge, Stelax Nuovinox technology [19]
7.1 Technology Philosophy
It is important to note that the industry looks at these new types of developments
in different ways. Some are reluctant to accept that any new improvements on epoxy
would be able to make them significantly better and still look at the case of the Florida
Keys as undermining the results of the FHWA in favor of epoxy. Others are not happy
with the consistency and quality of stainless-steel clad rebars. The new MMFX steels
tend to not be a serious topic of discussion in some circles given their new introduction to
the industry.
The developer has to gather as much information it can regarding these different
approaches and make a comparison between these different in order to conclude on the
most effective method for a specific case. The following section presents a qualitative
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comparison between the different steel reinforcement technologies considering: cost,
service life, availability and resistance.
8.0 Qualitative Comparison
(Overall weighted Scale 1-5)
Table 9: Table of comparison between technologies.
Type Cost(2) Service Life(5) Availability(3) Resistance(5) Total
Black Bar 5 1 5 1 35
DFM 3 3 1 3 39
Epoxy(426) 3 4 4 3 53
S-S clad (316) 1 5 4 5 64
This table of comparison has weighted categories that also range from 1-5. This
number is then multiplied by the assigned value of each type in every category and then
added. For example, the black bar has a value of 5 in cost, this means:
5 (assigned value in category) * 2 (weight of category) = 10 (5)
The total values in each category are added, i.e. black bar:
10 + 5 + 15 + 5= 35 (6)
The total value in the last column represents the position of that type of
reinforcement against all others. The highest number in the "total" category is the most
favorable type of technology against corrosion under high levels of chlorides.
Solid stainless steel rebars were not considered in this comparison. The black bar
was added for control purposes and provides a contrast of standard reinforcement against
all new technologies.
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8.1 Assigning Values
The process of assigning values consisted in evaluating each category and setting
the maximum and minimum values (1-5) within the sample types of reinforcement. For
example, a value of 5 was assigned for stainless-steel clad bars in the category of service
life while a value of 1 was assigned for black bars in this category because each provides
the minimum and maximum values respectively in this category.
A value of 5 in each category is extremely favorable while a value of 1 is least favorable.
8.2 Categories and Values
8.2.1 Cost (2)
This category was given a low weight in value (2), because it only considers the
initial cost and does not look at life-cycle costs when applied to the structure. The
highest cost is incurred by the stainless-steel clad bars, therefore it was given the lowest
value in this category while the black bar was given the highest score because they are
relatively inexpensive. Given the similar cost between epoxy coated rebars and MMFX
steel, they were given the same value in this category.
8.2.2 Service Life (5)
This category was assigned a weighted value of five because of its importance.
This study concentrates on the important aspect of life of a structure and the need to
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achieve at least 75 years, preferable one hundred years of life. In this category, stainless
steel clad was given the highest value while black bar provided the weakest service.
8.2.3 Availability (3)
This category was assigned a weighted value of three. The idea is to understand
the ease of acquiring any of these products on the market. It also considers the
application process if any, and the time it would take for delivery. MMFX was given the
lowest value (1) because MMFX has recently started production (October 2000). The
black bar was given the highest value because it is presently available everywhere in the
market today.
8.2.4 Resistance (5)
This category was weighted heavily with a value of 5. It considers the resistance
of these materials to the presence of high levels of chlorides. It also considers overall
results from laboratory tests and resistance to corrosion and its propagation. Stainless-
steel clad was given the highest value and black bar the lowest possible value in this
category.
8.2.5 Total
The last column represents the total weighted value. The sum of all the points earned
in each weighted category. This total gives a representative and qualitative score of each
material against each other. Considering every category, stainless steel clad bars have the
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advantage over all other types of rebars. The fusion bonded epoxy coated rebars came in
second.
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9.0 Conclusion
Corrosion is one of the major players behind the deterioration of structures,
especially those exposed to marine environments or the constant use of de-icing salts.
The process of corrosion can be initiated in many ways due to the natural (molecular)
instability of pure steel. Life-cycle costs considerations have prompted the FHWA to
require new bridge structures to have a service life of more than 75 years. The FHWA
understands the value of quality materials and protection systems in order to extend the
life of a structure. It is no longer a matter of what is the initial cost of a structure, but
what are the total costs including operation and maintenance during its life-cycle?
Software modeling programs, such as DuraModel@ have been developed and improved,
to better understand the life-cycle costs implications of the use of one, or a combination
of corrosion protection methods. Nevertheless, these programs have to be improved to
include greater detail on the effects of different type of the reinforcement used and its
interaction with chlorides.
This study concentrated on the steel reinforcement solution against corrosion.
The technologies considered were cost-effective options such as stainless-steel clad
reinforcing bars (Nuovinox, Stelax), fusion bonded epoxy coating (3M, Skotchkot 426
and dual phase ferritic-martensitic bars (MIMFXsteels, MMIFXIII). It was concluded that
previously by the FHWA that solid stainless-steel was the best option. Given that high-
costs are a hindrance, stainless steel clad was considered instead of the pure stainless
steel for comparison. The analysis and comparison between these new technologies
showed that stainless-steel clad had the advantage over all the other methods here
presented. The new fusion bonded epoxy coating (3M Skotchkot 426) came in second
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while the new MMFXIII steels which relatively new and mainly untested came in last in
the group. The following is a summary of the findings for each technology:
1) Stainless-steel clad rebars
The previous section 8 and table 9 show that stainless-steel clad (316) had
an advantage over all the other types of reinforcement protections. Laboratory
tests results and field test by the FHWA have corroborated that 316 stainless steel
can provide a service life of more than 100 years. Given the high initial costs of
solid stainless steel rebar, these were not considered for the table of comparison.
SSC (316) is believed, under the right conditions, to behave the same as solid
stainless. With their much lower cost than pure stainless, SSC bars have the
potential to become an even greater cost-effective solution to the problem of
corrosion. There are questions regarding the manufacturing process of the
Nuovinox product, the quality of the produced rebars and their availability
(delivery time).
2) Fusion bonded epoxy coated rebars (3M 426)
The fusion bonded epoxy 426 is at a close second place to stainless-steel
clad rebars. 3M has improved toughness and reduced the debonding
characteristics of standard epoxies with this product. The Department of the
Navy trusts this new product using it on new marine structures. Problems with
some epoxy coated rebars in Florida and other states have created differing views
regarding this technology. Epoxy coated rebars have to be free of holidays,
visible defects and can not be mishandled during installation. The coating can not
be disrupted in any way because this would ease the intrusion of chlorides into the
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steel surface. Nevertheless, with the adequate use of inhibitors and admixtures
present in concrete and correct handling, this product is believed to be able to
provide a service life of 60-80 years.
3) MMFX steels
The MMFX (DFM) steel shows signs of improvement over the
conventional black bar. Its behavior under extreme marine environments remains
unproven. Test results have shown that the MMFX steel has only a 25% mass
loss of what a typical reinforcing bar (A615) would suffer under the same extreme
exposure to chlorides [23]. It could be estimated then, that a MMIEFX I steel would
last no more than four times the service life of a typical black bar. This gives a
safe estimate of approximately 24-30 years. This value is similar to what experts
expect typical epoxies other than the newer "purple" (426) are providing. It is not
believed that DFM technology can provide a service life of 75 years.
These technologies alone should not be used in the protection against corrosion.
Prudent methods and standard procedures along with these technologies will provide the
optimal solution.
It is important to mention that, today, not enough information is available to make a
definite decision between the technologies presented in this study. The Federal Highway
Administration has been funding projects that apply one, if not several of these in actual
bridge structures in order to compare in real world applications. Only time will be able to
definitely tell which of these competing technologies is the best among all, and which
technology should be adopted for future life-cycle costs considerations.
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